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Transgenic sickle mice expressing 8 hemoglobin have activated vascular endothelium that exhibits enhanced
expression of NF-kB and adhesion molecules that promote vascular stasis in sickle, but not in normal, mice in
response to hypoxia/reoxygenation. Sickle mice hemolyze rbcs in vivo as demonstrated by increased reticulo-
cyte counts, plasma hemoglobin and bilirubin, and reduced plasma haptoglobin. The heme content is elevated
in sickle organs, which promotes vascular inflammation and heme oxygenase-1 expression. Treatment of sickle
mice with hemin further increases heme oxygenase-1 expression and inhibits hypoxia/reoxygenation-induced
stasis, Ieukocyte -endothelium interactions, and NF-kB, VCAM-1, and ICAM-1 expression. Heme oxygenase
inhibition by tin protoporphyrln exacerbates stasis in sickle mice. Furthermore, treatment of sickle mice with
the heme oxygenase enzymatic product carbon monoxide or biliverdin inhibits stasis and NF-xB, VCAM-1,and
ICAM-1 expression. Local administration of heme oxygenase-1 adenovirus to subcutaneous skin increases heme
oxygenase-1 and inhibits hypoxia/reoxygenation-induced stasis in the skin of sickle mice. Heme oxygenase-1

plays a vital role in the inhibition of vaso-occlusion in transgenic sickle mice.

Introduction
Sickle cell disease (SCD) is a devastating hemolytic disease charac-
terized by recurring episodes of painful vaso-occlusion, leading to
ischemia/reperfusion injury and organ damage. Despite signifi-
cant advances in our knowledge of the molecular defects in sickle
hemoglobin (Hb) and rbcs, we still lack a clear understanding of
the pathophysiology and treatment of vaso-occlusion. Recently, the
critical roles of oxidative stress, EC activation, and inflammation in
vaso-occlusion have been recognized, in part because of the develop-
ment of transgenic murine models of SCD (1). Intravital microscopy
studies in murine models of SCD have demonstrated the critical role
of adhesion molecules in the interaction of sickle rbes and leukocytes
with the vessel wall (2-8). P-selectin, VCAM-1, and ICAM-1 on the
endothelium are required; blockade or knockout of any one of these
adhesion molecules prevents either cytokine- or hypoxia-induced
stasis (2, 4, 6, 7). Antiinflammatory agents such as dexamethasone
or antioxidants also can ameliorate hypoxia/reoxygenation-induced
abnormalities in blood flow of transgenic sickle mice (2, 3, 5).
Excessive production of ROS in transgenic sickle mice plays
a central role in promoting vascular inflammation, primarily
through the activation of redox-sensitive transcription factors in
the endothelium such as NF-kB and activator protein-1 (9). ROS
are signaling molecules for a wide variety of inflammatory stimuli,
such as LPS (10, 11) and TNF (12). Thus, it is not surprising that
the excess oxidative stress seen in transgenic sickle mice is accom-
panied by a proinflammatory state.
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A major source of oxidative stress in SCD is heme iron. Because
of enhanced rates of rbc hemolysis, the endothelium of SCD
patients is exposed to higher levels of ROS catalyzed by plasma
Hb, heme, and free iron (13). Heme, a ubiquitous, hydrophobic,
iron-containing compound, greatly enhances cellular susceptibil-
ity to oxidant-mediated injury (14, 15). Heme readily escapes from
met-hemoglobin (met-Hb) (16, 17) and rapidly intercalates into
the membranes of cells.

The vasculature defends itself against reactive heme released
during hemolysis of rbes by inducing 2 cytoprotective genes, heme
oxygenase (HO) and ferritin (18). Three isoforms of HO have been
described: 2 constitutively expressed isoforms, HO-2 and HO-3
(19, 20), and a 32-kDa inducible isoform, HO-1. HO-1 is transcrip-
tionally inducible by a variety of agents, such as heme, oxidants,
hypoxia, endotoxin, and cytokines (21).

HO-1 is the rate-limiting enzyme in the catabolism of the heme.
It breaks down the porphyrin ring to yield equal molar amounts of
biliverdin, free iron, and carbon monoxide (CO). HO-1 plays a vital
role in the cytoprotection of tissues (22). The induction of HO-1
is accompanied by the induction of apoferritin (18). Apoferritin,
by its capacity to bind 4,500 iron molecules and through its heavy
chain ferroxidase activity (23), can store nonreactive Fe3* in the
core of the ferritin complex. Induction of HO-1 has been shown to
protect tissues and cells against ischemia/reperfusion injury, oxi-
dative stress, inflammation, transplant rejection, apoptosis, and
cell proliferation (22, 24). Conversely, humans and mice deficient
in HO-1 are especially prone to oxidant-mediated injury (25-27).
HO-1 upregulation ameliorates inflammation, in part, through its
ability to inhibit EC adhesion molecule expression and leukocyte
adhesion in vivo and in vitro (26, 28, 29). In contrast, inhibition of
HO-1 increases adhesion molecule expression (30-32). Thus, it is
reasonable to surmise that HO-1 plays an important antiinflam-
matory role, particularly in SCD.
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Table 1
Sickle mice have intravascular hemolysis of rbcs

Mouse Plasma Plasma Plasma
model Hb haptoglohin hilirubin
(mg/dl) (% of normal) (mg/dl)
Normal 0.59 +0.04 100.0 + 46.1 0.92+0.13
S+S-Antilles 2.36 + 0.92A 39.6 +13.1A 1.71 £ 0.53A
BERK 5.5+ 2.0A 429+ 6.17 5.95+1.78*

Plasma Hb was measured by Drabkin’s reagent. Plasma haptoglobin
was measured by Western blotting and is expressed as a percentage
of normal plasma haptoglobin, and total plasma bilirubin was measured
colorimetrically by the diazo bilirubin method (84). n = 4-10 mice per
group. AP < 0.05, normal versus sickle.

We now demonstrate that HO-1 is upregulated in transgenic
sickle mice in response to an increased heme burden. Furthermore,
we report that promoting additional increases in HO-1 expression
in transgenic sickle mice inhibits NF-kB/EC activation and down-
regulates EC adhesion molecule expression, which inhibits the bind-
ing of leukocytes to the vessel wall and prevents hypoxia/reoxygen-
ation-induced vascular stasis. These findings suggest that HO-1 is
upregulated in SCD in response to the hemolysis of sickle rbes and
that additional increases in HO-1 activity and/or its downstream
products, in excess of the adaptive upregulation seen in transgenic
sickle mice, inhibit vascular inflammation and vaso-occlusion.
Agents that increase HO-1 activity or its products may provide new
therapies to prevent or treat vaso-occlusion in SCD patients.

Results

S+S-Antilles and BERK sickle mice, based on their comparison with
normal C57BL/6 control mice, have intravascular hemolysis as dem-
onstrated by increased plasma Hb, decreased plasma haptoglobin,and
increased plasma bilirubin (Table 1). In data not shown, S+S-Antil-
les mice were minimally anemic (hematocrit 40.1% + 3.0%, P < 0.05)
and BERK mice were severely anemic (21.6% = 3.3%, P < 0.05)
compared with normal control mice (42.9% + 1.5%). Reticulocyte
counts, expressed as percentage rbcs, were elevated in S+S-Antilles
(11.2% + 2.4%, P < 0.05) and BERK mice (31.6% + 2.9%, P < 0.05)
compared with normal controls (3.1% + 0.9%). S+S-Antilles and
BERK mice also had elevated levels of ferric (Fe3*) met-Hb in their
blood (1.0% + 0.2% and 2.3% + 0.8%, respectively) compared with
normal mice (<0.1%). One way in which met-Hb can form in plasma
is by reaction of ferrous (Fe?*) Hb with NO, resulting in potential
effects on NO and heme bioavailability (33, 34). Ferric (Fe3*) heme
can rapidly dissociate from met-Hb (16, 17), thereby potentially
providing a ready source of heme to the vasculature.

In data not shown, the organ histopathology of S+S-Antilles and
BERK mice was examined; rbc congestion was seen in the lungs
and livers of sickle mice but not in normal mice. The livers of sick-
le mice had areas of infarction and inflammation. Red blood cell
congestion also was seen in other organs of sickle mice, including
the kidneys and brain. Thus, both the mildly anemic S+S-Antilles
and the severely anemic BERK models mimic the rbc congestion
and infarction pathology seen in humans with SCD.

The rbc congestion was estimated by measurement of organ
heme content by the pyridine-hemochrome method (35). The
lungs and livers of S+S-Antilles mice had significantly more heme
than those of normal mice (Table 2).
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Do the excessive heme content and inflammation found in
sickle organs promote increased HO-1 expression? To answer this
question, HO-1 expression was measured by Western blotting in
organ homogenates from normal and sickle mice. HO-1 expres-
sion was significantly increased in the lungs, livers, and spleens
of S+S-Antilles and BERK mice compared with normal control
mice (Figure 1). HO-1 expression was similar in S+S-Antilles and
BERK mice despite higher plasma Hb concentrations in the BERK
model, shown in Table 1.

Since HO-1 and its products have documented antiinflammatory
properties, a key question is whether additional upregulation of HO-1
expression can inhibit vaso-occlusion and vascular inflammation
in sickle mice. Since hemin is the most powerful inducer of HO-1,
S+S-Antilles mice were injected i.p. with hemin at 40 umol/kg/d for
3 days. HO-1 levels in the lungs, liver, and spleen increased marked-
ly in response to hemin injections (Figure 2A), demonstrating that
HO-1 can be even further upregulated in sickle mice that already
have significant elevations in HO-1 expression compared with
normal mice. Figure 2B demonstrates HO-1 activity in a 105,000-g
microsomal fraction isolated from normal and sickle livers (36).
The data in Figure 2 suggest that (a) hemin treatment of S+S-Antil-
les mice increases HO-1 even further; (b) HO-1 activity is elevated
in the livers of S+S-Antilles mice compared with normal mice; (c)
hemin treatment of normal mice increases HO-1 activity in the liver,
but is still lower than that of untreated S+S-Antilles mice without
hemin treatment; and (d) tin protoporphyrin (SnPP), a powerful
inhibitor of HO-1, blocks hemin-induced increases in HO-1 activity.
Immunohistochemistry of HO-1 in frozen sections from the lungs,
liver, and spleen of normal control mice and untreated and hemin-
treated sickle mice demonstrated increased endothelial staining of
HO-1 in vessels of all organs from sickle mice compared with nor-
mal mice as well as increased parenchymal cell staining in the livers
of hemin-treated sickle mice (data not shown).

To test whether further upregulation of HO-1 could prevent
stasis in subcutaneous venules, S+S-Antilles and BERK mice with
an implanted dorsal skin fold chamber (DSFC) were treated with
injections of hemin (40 umol/kg/d, i.p.) or SnPP, a powerful inhibi-
tor of HO-1 activity (40 umol/kg/d, i.p.) for 3 days before exposure
to hypoxia/reoxygenation. Remarkably, hemin-treated sickle mice
whose HO-1 was further upregulated showed no evidence of stasis
(Figure 3, A and B) after 1 hour of hypoxia and 1 hour of reoxy-
genation, while untreated S+S-Antilles mice had 12% of venules
occluded and untreated BERK mice had 23% of vessels occluded.
The HO-1 inhibitor SnPP did not prevent stasis in the venules of
S+S-Antilles mice at 1 hour of reoxygenation (15% static) and, in
fact, made stasis worse after 4 hours of reoxygenation (25% static)
(Figure 3A). Thus, further upregulation of HO-1 by injection of

Table 2
S+S-Antilles mice have increased heme content

Mouse model Heme content (ug heme/ug DNA)
Lung Liver

Normal 8.9+4.1 417 +2.4

S+S-Antilles 329.7 £ 71.9A 20.4 £2.7A

The organs of untreated normal (n = 4) and S+S-Antilles (n = 4) mice in
ambient air were homogenized, and the heme content was measured
by the pyridine-hemochrome method (35) (mean + SD micrograms
heme per microgram of organ DNA). *P < 0.05, normal versus sickle.
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Figure 1

HO-1 expression is elevated in the organs of sickle mice. Western blots
for HO-1 were performed on organ homogenates (1 ug of organ DNA
per lane) from lungs, livers, and spleens of untreated normal, S+S-Antil-
les, and BERK mice. (A) The 32-kDa HO-1 bands are shown for each
organ and each mouse. (B) The mean HO-1 band intensities (n = 4)
+ SD are expressed as a percentage of those in normal control mice.
*P < 0.05, normal versus sickle.

hemin in both these mouse models of SCD prevented hypoxia/
reoxygenation-induced stasis.

But how does HO-1 inhibit stasis? To address this question, we
examined the products of HO-1 enzymatic activity, CO and biliver-
din, in the hypoxia/reoxygenation stasis model. S+S-Antilles mice
breathing CO at 250 parts per million (ppm) CO in air for 1 hour
each day for 3 days or injected with biliverdin (50 wumol/kg i.p.) at
16 hours and 2 hours before exposure to hypoxia (7% O,/93% N;)
for 1 hour and then reoxygenated in room air for 1 hour were pro-
tected against the development of stasis (Figure 4). Treatment with
CO increased carboxy-Hb levels to 11.2% 1 hour after treatment
with CO, and the levels decreased to less than 1% 24 hours after
each CO exposure (data not shown). Thus, CO inhalation prevent-
ed stasis even after carboxy-Hb levels had returned to base line.
We see this same timing effect after balloon angioplasty in rats,
in which 1 hour of CO inhalation given 1 week before angioplasty
still protects against lesion development (data not shown).

Figure 2

Hemin increases HO-1 expression. (A) HO-1 expression can be fur-
ther upregulated in the organs of sickle mice with hemin treatment.
S+S-Antilles mice were either untreated or injected with hemin
(40 umol/kg/d, i.p.) for 3 days. Twenty-four hours after the third injection,
the organs were harvested, and Western blots for HO-1 were performed
on lung, liver, and spleen homogenates (1 ug of organ homogenate DNA
per lane). The mean HO-1 band intensities (n = 3) + SD are expressed
as a percentage of those in untreated S+S-Antilles mice (100%), which
represent the same untreated S+S-Antilles organs shown in Figure 1.
Below each bar is a representative HO-1 band from the Western blot.
*P < 0.05, untreated versus hemin. (B) HO-1 activity in normal and
S+S-Antilles livers. HO-1 activity was measured in microsomes isolated
from another group of normal and S+S-Antilles sickle mice as previously
described (36). Mice were untreated, injected with hemin (40 umol/kg/d,
i.p.) for 3 days, or injected with hemin plus SnPP (40 umol/kg/d of each
porphyrin, i.p.) for 3 days. Twenty-four hours after the third injection,
the livers were harvested, microsomes were isolated at 105,000 g, and
HO-1 enzymatic activity was measured. The results in triplicate are
expressed as mean + SEM picomoles of bilirubin generated per mil-
ligram microsomal protein per hour. *P < 0.05, normal versus sickle.
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We have previously shown that activation of vascular endothe-
lium plays an essential role in vaso-occlusion in transgenic sickle
mice (2, 3). Antioxidants (3), antiinflammatory agents (2), and
adhesion molecule-blocking antibodies (2) inhibit EC activation
and hypoxia-induced vaso-occlusion. This inhibition is accompa-
nied by decreased interactions of leukocytes with the vessel wall.
We wondered whether hemin treatment would also decrease leu-
kocyte rolling and adhesion along the endothelium of sickle mice.
This was indeed the case. Hemin injections in S+S-Antilles mice
blunted the increases in leukocyte rolling and adhesion induced
by hypoxia/reoxygenation (Figure 5).

The decrease in leukocyte rolling and adhesion in sickle mice
treated with hemin suggested that hemin treatments and HO-1
upregulation were inhibiting adhesion molecule expression on the
vessel wall. We have previously shown that sickle mouse organs over-
express NF-kB, VCAM-1, and ICAM-1 compared with organs of nor-
mal mice (2, 3, 37). So next we examined the effect of hemin on the
expression of adhesion molecules and the inflammatory transcrip-
tion factor NF-kB. Treatment of sickle mice with i.p. injections of
hemin for 3 days markedly decreased NF-kB activation and VCAM-1
and ICAM-1 overexpression in sickle lungs, liver, and spleen (Figure 6).
These decrements in vascular inflammation correlate with decreased
hypoxia/reoxygenation-induced leukocyte-endothelium interac-
tions and venular stasis in hemin-treated sickle mice, consistent
with HO-1 inhibition of inflammation and vaso-occlusion.

Could the products of HO-1, biliverdin and CO, also be work-
ing their antistasis effects through inhibition of these inflam-
matory pathways? CO inhalation or i.p. injections of biliverdin
markedly decreased NF-kB activation in the lungs of sickle ani-
mals (Figure 7). Thus, it appears that both CO and biliverdin,
products of HO-1 degradation of heme, are antiinflammatory
and can inhibit stasis in sickle mice.

Since hemin can have nonspecific effects in vivo, we also used
arat HO-1 adenovirus construct (HO-1-ADV) to further increase
HO-1 expression in S+S-Antilles sickle mice. This construct has
been used successfully to overexpress HO-1 in mouse organs in
vivo (38). We added HO-1-ADV (2 x 107 MOI) for 48 hours directly
to the subcutaneous skin of S+S-Antilles mice with an implanted
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Figure 3

Further upregulation of HO-1 by hemin inhibits stasis and HO-1 inhibition
by SnPP exacerbates stasis in sickle mice. S+S-Antilles (A) and BERK
(B) mice with an implanted DSFC were untreated, injected with hemin
(40 umol/kg/d, i.p.) for 3 days, or injected with SnPP (40 umol/kg/d, i.p.)
for 3 days. Twenty-four hours after the third injection, stasis was mea-
sured after 1 hour of hypoxia (7% 02/93% N») and 1 hour and 4 hours
of reoxygenation in room air. n = 3—10 mice and a minimum of 20
venules per mouse. *P < 0.05, untreated versus hemin or SnPP. The
proportions of venules exhibiting stasis at each time point were com-
pared using a z test.

DSFC and saw approximately 225% induction of HO-1 expression
in the skin (Figure 8A) compared with that in untreated S+S-Antil-
les mice. Control adenovirus (Control-ADV) alone (empty vector
without HO-1, 2 x 107 MOI) did not significantly increase HO-1
further. Most importantly, hypoxia/reoxygenation-induced stasis
was inhibited after both 1 hour and 4 hours of reoxygenation in
the subcutaneous skin of mice treated with HO-1-ADV (Figure 8B).
Mice treated with the Control-ADV vector exhibited worsened sta-
sis. These data support our hypothesis that additional upregulation
of HO-1 will be beneficial in preventing vaso-occlusion in SCD.

Discussion
These data highlight the critical importance of HO-1 in ameliorat-
ing vascular inflammation and vaso-occlusion in murine models of
SCD. Nath and colleagues demonstrated increased HO-1 in the kid-
ney vasculature of a patient with SCD as well as increased HO-1 in
circulating ECs (39). Jison et al. (40) showed that sickle blood mono-
nuclear cells have elevated HO-1 and biliverdin reductase mRNA
even during steady state. Thus, chronic hemolysis and oxidative
stress in SCD result in upregulation of HO-1 in patients as well as in
transgenic sickle mice. It is likely that during acute hemolytic crises
the patient with SCD increases HO-1 even further to deal with the
increased heme burden and oxidative stress. It is this upregulation
that may facilitate the resolution of vaso-occlusion. This adaptation
allows the degradation of toxic heme and the production of CO, an
antiinflammatory vasodilator; biliverdin and bilirubin, both anti-
oxidants; and ferritin, an iron chelator.

Since we do not completely understand the pathobiology of human
SCD, it is impossible to know how well the sickle mouse models
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mimic human disease. Probably none of the models displays all of
the attributes of human SCD. They can best be described as tools
to understand human SCD (41). For our studies, the sickle mouse
models mimic human SCD in several important ways: they have rbc
sickling in response to hypoxia; hemolysis; organ pathology with rbc
congestion and infarction as in the human disease; excessive ROS
production; a vigorous and chronic inflammatory response with acti-
vated endothelium; and impaired blood flow, especially in response
to hypoxia/reoxygenation (2, 4, 7, 37, 42-45). Most of the studies
described in this paper focused on the less severe murine model of
SCD, the S+S-Antilles mouse (46), and fewer on the more severe
murine model, BERK mice (47). However, BERK mice, which are
more anemic (hematocrit ~22%) than S+S-Antilles mice, have similar
levels of HO-1 expression, EC activation (2, 37), and organ pathology
with rbe congestion and infarction but respond to hypoxia/reoxy-
genation with even more vaso-occlusion. Manci and colleagues (48)
reported that BERK mice were similar to humans with SCD in hav-
ing erythrocytic sickling, vascular ectasia, intravascular hemolysis,
exuberant hematopoiesis, cardiomegaly, glomerulosclerosis, visceral
congestion, hemorrhages, multiorgan infarcts, pyknotic neurons,
and progressive siderosis. However, the BERK mice differed from
humans with SCD in having splenomegaly; splenic hematopoiesis;
more severe hepatic infarcts; less severe pulmonary manifestations;
no significant vascular intimal hyperplasia; and only a trend toward
vascular medial hypertrophy. Thus, these notable differences warrant
careful consideration when parallels to human SCD are drawn (48).
Our studies suggest that HO-1 upregulation may be important in
inhibiting vascular inflammation in these murine transgenic mod-
els of human SCD. It is uncertain whether HO-1 plays a similar role
in human SCD patients. Linkage of additional HO-1 expression in
these SCD mouse models to other endpoints such as improvements
in hemolysis and anemia or organ pathology and lifespan, conditions
more directly relevant to the human disease, would strengthen these
findings as being potentially relevant to human SCD.

Based on our current understanding of the interrelationships
of hemolysis, oxidative stress, EC activation, blood cell adhesion,
and vaso-occlusion, we have proposed a model that delineates
how oxidative stress and inflammation contribute to the patho-
physiology of vaso-occlusion in SCD (2, 3). We hypothesize that
Hb, heme, and iron derived from hemolysis of sickle rbcs promote
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Figure 4

CO and biliverdin inhibit stasis in sickle mice. S+S-Antilles mice with
an implanted DSFC were either untreated or treated with inhaled CO
(250 ppm CO in air for 1 hour per day) for 3 days or biliverdin injec-
tions (50 umol/kg i.p. twice, at 16 hours and 2 hours, before hypoxia).
Twenty-four hours after the third CO treatment or 2 hours after the sec-
ond biliverdin injection, stasis was measured after 1 hour of hypoxia
(7% 02/93% N3) and 1 hour of reoxygenation in room air. n = 3-10
mice and a minimum of 20 venules per mouse. *P < 0.05, untreated
versus CO or biliverdin. The proportions of venules exhibiting stasis at
each time point were compared using a z test.
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Figure 5

Further upregulation of HO-1 by hemin inhibits hypoxia/reoxygenation—
induced increases in leukocyte-endothelium interactions. S+S-Antilles
mice with an implanted DSFC were treated with either placebo (saline)
or hemin injections (40 umol/kg/d, i.p.) for 3 days. Twenty-four hours
after the third injection, leukocyte rolling and adhesion were measured
in the subcutaneous venules at base line in ambient air and again
in the same venules after exposure of the mice to 1 hour of hypoxia
(7% 02/93% Ny) and 1 hour of reoxygenation in room air. Results are
mean + SEM percentage change in leukocyte rolling and adhesion
after hypoxia/reoxygenation. n = 2 mice and a minimum of 20 venules
per group. *P < 0.05, placebo versus hemin.

excessive ROS production, leading to EC activation and adhesion
molecule expression on the vessel wall, which in turn promote the
adhesion of sickle rbes and leukocytes to endothelium, leading to
vaso-occlusion. This paper demonstrates that the same pathophysi-
ology induces adaptive cytoprotective proteins such as HO-1 in the
endothelium that can ameliorate and prevent vaso-occlusion and
the accompanying vascular inflammation commonly seen in SCD
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patients. We propose that it is the balance between these pro-oxida-
tive and antioxidative forces that determines whether or not a vessel
becomes occluded. In steady state these forces are likely balanced.
However, a pro-oxidative insult such as hypoxia or an infection can
easily tip the delicate balance in favor of hemolysis, oxidative stress,
inflammation, and vaso-occlusion, causing the vessel wall to adapt
by producing more cytoprotective proteins such as HO-1, which
put the vasculature back in a balanced steady state. Induction of
HO-1 arrives too late in the pathology of crises, and perhaps those
patients that do not have significant clinical manifestations of the
disease are those that have a greater homeostatic HO-1 response.
HO-1 degrades heme, which not only removes a major catalytic
source of ROS and oxidative stress but also at the same time pro-
duces CO and biliverdin, which have their own antiinflammatory
effects. CO gas is produced by HO-1-mediated opening of the
heme ring. CO is a colorless, odorless gas that has traditionally
been considered a dangerous poison. This toxicity is in part due to
its high affinity for Hb (245 times greater than that of O,), which
alters O, transport and delivery. CO also can interact with other
heme proteins as discussed below. At low concentrations CO can
be therapeutic. CO mimics many of the protective effects of HO-1,
as well as some of the functions of NO (22, 24). Like NO, CO acti-
vates the heme protein guanylate cyclase and inhibits platelet acti-
vation and aggregation (22, 24). CO participates in the regulation
of vascular tone in hepatic sinusoidal cells, suggesting that NO
and CO share control of these relaxation processes (49). Exoge-
nous inhaled CO, at approximately 250 ppm, and in some studies
as low as 10 ppm (50), reduces inflammatory responses in several
models of oxidant injury in ways similar to those of HO-1 overex-
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Further upregulation of HO-1 by hemin inhibits NF-kB activation and VCAM-1 and ICAM-1 overexpression in the organs of sickle mice.
S+S-Antilles mice were either untreated or injected with hemin (40 umol/kg/d, i.p.) for 3 days. Twenty-four hours after the third injection, the
organs were harvested from mice in ambient air. NF-xB activation was measured by EMSA, and VCAM-1 and ICAM-1 expression was measured
by Western blotting in organ homogenates of the lungs, liver, and spleen of sickle mice. (A) The NF-kB, VCAM-1, and ICAM-1 bands are shown
for each organ and each sickle mouse. (B) The bar graph shows the mean band intensity (n = 3 mice per group) + SD for each organ treatment

group. *P < 0.05, untreated versus hemin.
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Figure 7

Biliverdin or CO treatment inhibits NF-xB activation in the lungs of
sickle mice. S+S-Antilles mice were untreated, treated with biliverdin
injections (50 umol/kg i.p. twice, at 16 hours and 2 hours), or treated
with inhaled CO (250 ppm in air for 1 hour per day for 3 days). Two
hours after the second biliverdin injection or 24 hours after the third CO
treatment, mice were exposed to 3 hours of hypoxia (7% 02/93% N2)
and 2 hours of reoxygenation in room air. After 2 hours of reoxygen-
ation, the lungs were harvested, and NF-kB activation was measured
in organ homogenates by EMSA. n = 3 mice per group. Below each bar
is a representative NF-xB band from the EMSA. *P < 0.05, untreated
versus biliverdin or CO.

pression (22). Also, CO liberated by CO-releasing molecules sig-
nificantly suppresses the inflammatory response elicited by LPS in
cultured macrophages (51). Like NO (52), CO interacts with signal
transduction pathways, inhibits proinflammatory genes, and aug-
ments antiinflammatory cytokines (22, 24, 53, 54). Specifically, it
selectively activates p38 MAPK signaling pathways in a guanylate
cyclase-independent manner (22, 53). CO also inhibits prolifera-
tion of VSMCs and has antiapoptotic effects on cells (22, 24).

As noted above, CO seems to play a role similar to that of NO.
NO has taken an important role in the pathogenesis and therapy of
SCD (34,55, 56). SCD patients have a reduction in basal and stimu-
lated NO production and bioavailability. The deficiency of NO is
in part due to elevated plasma Hb and excessive ROS production
in both SCD patients and transgenic sickle mice (34). Therapeutic
CO may be more effective, because the efficacy of NO is hampered
by its ability to form reactive nitrogen species. Under oxidative con-
ditions, NO reacts with ROS, resulting in the formation of highly
reactive ONOO- (peroxynitrite) (57). Peroxynitrite does not prevent
or ameliorate disease like NO does but, in contrast, exacerbates oxi-
dative inflammatory stress (58, 59). Unlike NO, CO does not con-
tain any unpaired free electrons and is, therefore, relatively inert.

Studies over 30 years ago by Beutler (60) suggested that CO bind-
ing to hemoglobin S shifts the oxygen dissociation curve to the left
and can actually inhibit hemoglobin S deoxygenation, hemoglobin S
polymerization, and rbc hemolysis. Less hemolysis means less plasma
Hb, less oxidative stress, less vascular inflammation, enhanced
bioavailability of NO, and ultimately less vaso-occlusion. NO and
peroxynitrite can induce HO-1 activity and thus form a feedback
loop, where CO takes over NO functions under conditions of oxida-
tive stress (21). In our studies, inhaled CO was able to inhibit vaso-
occlusion in the skin and NF-kB activation in the lungs, suggesting
a potential therapeutic benefit at low doses in SCD patients.

Another product of heme metabolism by HO-1, as noted above, is
biliverdin. In mammals, biliverdin is rapidly converted by biliverdin
reductase to bilirubin. Both biliverdin and bilirubin are antioxidants
with probable physiological relevance in plasma and the extravascular
space (61). Exogenous bilirubin has been demonstrated to be cytopro-
tective in models of ischemia/reperfusion injury (22, 24). At micro-
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molar concentrations, both biliverdin and bilirubin efficiently scav-
enge peroxyradicals and thereby inhibit lipid peroxidation (62, 63).
Biliverdin and bilirubin also may counteract intracellular nitrosative
stress reactions (64, 65). In our studies, biliverdin injected i.p. was
able to inhibit vascular stasis in the skin and NF-kB activation in the
lungs similarly to inhaled CO, suggesting that biliverdin also may
have therapeutic benefits in SCD. Biliverdin reductase might also be
involved in transcriptional regulation of HO-1 (66).

Some of HO-1’s protective effects in sickle mice were likely due
to ferritin induction. In our initial studies, the induction of HO-1
was accompanied by the induction of apoferritin (18). Apoferritin,
made up of heavy and light chains, protects cells by its capacity to
bind 4,500 iron molecules and through its heavy chain ferroxidase
activity (23, 67, 68). Ferritin can store nonreactive Fe3* in the core of
the ferritin complex. This handling of catalytic Fe?* is essential for
ferritin’s ability to protect cells against oxidative stress (13, 69, 70) by
interrupting Fenton chemistry, exemplified in the Haber-Weiss reac-
tion for hydroxyl radical generation. Animal models that overexpress
the H-ferritin chain withstand ischemia/reperfusion injury and oxi-
dative stress without the concomitant increase in HO-1 (71). In vivo
models that increased HO-1 by hemin or Hb injections all increased
ferritin levels (36, 72, 73). Dissecting the intimate relationship
between HO-1, Fe release from heme, and ferritin has depended on
the use of HO-1 inhibitors and iron chelators. Additional studies in
sickle mice are needed to dissect the relative contributions of HO-1
and ferritin to inhibition of oxidative stress, inflammation, and
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Figure 8

HO-1-ADV increases HO-1 expression and inhibits stasis. Local admin-
istration of HO-1-ADV increases HO-1 expression (A) and inhibits
hypoxia/reoxygenation—induced stasis (B) in the skin. S+S-Antilles sick-
le mice with an implanted DSFC were treated with either a rat HO-1-ADV
construct (n = 3 mice and 84 venules) or an empty Control-ADV con-
struct (n = 4 mice and 64 venules). The adenovirus constructs (2 x 107
MOI) in sterile saline were dripped onto the subcutaneous skin inside
the DSFC. Forty-eight hours after adenovirus treatment, hypoxia/reox-
ygenation—induced stasis was measured (B). After measurement of
stasis, the skin inside the DSFC window was harvested, and HO-1
expression was measured in the skin homogenates by Western blot-
ting (A). Below each bar is a representative HO-1 band from the West-
ern blot. *P < 0.05, Control-ADV versus HO-1-ADV.
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vaso-occlusion in SCD. We conjecture that ferritin may be an impor-
tant cytoprotectant in iron-burdened SCD animals and patients.

Other defenses against Hb and heme released into the vascula-
ture include plasma haptoglobin and hemopexin. However, these
defenses are likely overwhelmed in SCD, as evidenced by the low
haptoglobin concentrations seen in our sickle mice and low plas-
ma hemopexin levels in SCD patients (74-77). Moreover, the heme
content and the overexpression of HO-1 in organs of sickle mice
suggest that this is indeed the case.

Markers of hemolysis are associated with a clinical subphenotype
of pulmonary hypertension, leg ulceration, priapism, and risk of
death in SCD patients (78, 79). Hemolysis may drive vasculopathy,
but, by inducing HO-1 expression, hemolysis may ultimately limit
vaso-occlusion. Perhaps HO-1 induction by hemolysis may explain
the protection against atherosclerosis in SCD patients. Ironically,
we used hemin, a “bad actor” in SCD, to therapeutically increase
HO-1 and inhibit vascular inflammation and vaso-occlusion.
Hematin therapy could be an approach in SCD patients. However,
before HO-1 induction, hematin could potentially be pro-oxida-
tive and also contribute to iron overload. Future therapeutic stud-
ies in our laboratory will focus on pharmacological therapies such
as statins to increase HO-1 expression in SCD. Two recent papers
demonstrated that some of the vasoprotective effects of statins,
drugs used to decrease cholesterol and vascular inflammation in
atherosclerosis, may be due to their ability to induce HO-1 (80, 81).
Alternatively, direct administration of CO or biliverdin might be a
therapeutic modality by which to treat or prevent sickle crises. In
addition, functional polymorphisms in the HO-1 gene promoter
region that control the ability to upregulate HO-1 (82, 83) could
potentially explain some of the phenotypic differences in severity
seen in SCD patients. These findings suggest that HO-1 and its
products are promising new avenues of therapy in SCD.

Methods

Mice. All animal experiments were approved by the University of Minne-
sota’s Institutional Animal Care and Use Committee. We used male and
female S+S-Antilles (46) and BERK (47) transgenic sickle mice as our mod-
els for human SCD. S+S-Antilles mice are homozygous for deletion of the
mouse B-major globin locus and express human a, 5, and pS4ntlles globin
transgenes. pS-Antlles globins contain, in addition to the S mutation at 6,
a second mutation at $23 (Val—>Ile). pS-4ntlles has Jow oxygen affinity and
decreased solubility under deoxygenated conditions, resulting in a more
severe form of SCD. In S+S-Antilles mice, approximately 42% of the 3 glo-
bins expressed are % and 36% are BS-Antilles,

BERK mice have full knockout of murine o and § globins and replace-
ment with a human o and % globin transgene (47). BERK mice have
more severe organ pathology than S+S-Antilles mice, exhibit multiorgan
pathology, including areas of fibrosis and/or infarction in liver, kidney,
and spleen, and have loss of urine-concentrating ability.

Normal male and female mice (C57BL/6) were used as genetic controls
for the sickle mice. The mice used in these studies were 8-12 weeks of age.
The mice weighed 20-30 g and were housed in specific pathogen-free
housing to prevent common murine infections that could cause an inflam-
matory response. All the mice were maintained on a standard chow diet.

Treatments of mice. In experiments to either upregulate HO-1 expression
or inhibit HO-1 activity, mice were injected i.p. with hemin (Sigma-Aldrich)
or tin protoporphyrin (SnPP; Frontier Scientific Inc.), respectively, at a dose
of 40 umol/kg/d for 3 days. HO-1, NF-kB, VCAM-1, and ICAM-1 were mea-
sured in organ homogenates, and hypoxia/reoxygenation-induced stasis and

leukocyte rolling and adhesion were measured in the subcutaneous skin.
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In experiments to evaluate the effects of CO and biliverdin, sickle mice
were placed in a special chamber and exposed to an atmosphere of CO at
a dose of 250 ppm CO in air (Air Products and Chemicals Inc.) for 1 hour
per day for 3 days or were injected with biliverdin (Frontier Scientific Inc.)
at a dose of 50 wmol/kg i.p. twice, at 16 hours and 2 hours, before harvest-
ing of lungs or exposure to hypoxia (7% 05/93% N>). Twenty-four hours
after the third inhaled CO treatment or 2 hours after the second biliverdin
injection, NF-kB was measured in lung homogenates, and hypoxia/reoxy-
genation-induced stasis was measured in the subcutaneous skin.

In experiments to further evaluate the effect of HO-1 upregulation on
stasis, S+S-Antilles sickle mice with an implanted DSFC were treated with
either a rat HO-1 adenovirus construct (HO-1-ADV) or an empty control
adenovirus (Control-ADV). The recombinant adenovirus containing rat
HO-1 cDNA was generated as previously described (38). The adenovirus
constructs (2 x 107 MOI) in sterile saline were dripped onto the subcuta-
neous skin inside the DSFC. Forty-eight hours after adenovirus treatment,
hypoxia/reoxygenation-induced stasis was measured.

After the treatments described above, sickle mice with an implanted
DSFC were exposed to hypoxia/reoxygenation to measure vascular stasis
or leukocyte rolling and adhesion. After base-line measurements in room
air, sickle mice were placed in a special chamber and exposed to 1 hour of
hypoxia (7% O2/93% Ny) followed by reoxygenation in room air for 1 hour.
The measurements were repeated in the same venules after exposure to
hypoxia/reoxygenation. The sickle mice could tolerate the brief (1-hour)
exposure to hypoxia without dying.

Markers of hemolysis. Hematocrit levels and reticulocytes were measured in
EDTA blood collected from the tail veins of mice as previously described
(43). Plasma Hb was measured by Drabkin’s reagent. Plasma haptoglobin
was measured by Western blotting, and total plasma bilirubin was mea-
sured colorimetrically by the diazo bilirubin method (84).

Mouse tissue collection. The mice in ambient air were sacrificed and tis-
sues harvested as previously described (2). Mice were asphyxiated in a
CO; chamber for approximately 60 seconds. Samples of lungs, livers,
and spleens were taken for homogenate preparation. Organ samples for
homogenate preparation were immediately frozen in liquid nitrogen and
stored at -80°C. Organ samples also were collected for histopathology.

Organ heme content. The heme content of lungs and livers was measured in
organ homogenates by the pyridine-hemochrome method (35).

Western blots of lung, liver, and spleen HO-1, VCAM-1, and ICAM-1. Lung, liver,
and spleen tissue samples were collected and frozen as described above.
Thawed tissues were homogenized and homogenate DNA concentrations
were measured as previously described (2). Tissue homogenates containing
an equal amount of homogenate DNA per well were subjected to SDS-
PAGE (7.5%). After SDS-PAGE, the samples were transferred electrophoreti-
cally to PVDF membranes, and immunoblotting of the organ homogenates
was performed with rabbit anti-rat HO-1 antiserum (Stressgen
Biotechnologies Inc.), or goat anti-mouse VCAM-1 or ICAM-1 IgG direct-
ed against the C-terminus of the target protein (Santa Cruz Biotechnology
Inc.). Sites of primary antibody binding were visualized with HRP-conju-
gated donkey anti-rabbit or anti-goat IgG (Jackson ImmunoResearch Labo-
ratories Inc.). The final detection of immunoreactive bands was performed
using a chemiluminescent detection substrate (Pierce).

EMSA for NF-B activation. NF-KB activation was measured in organ extracts
by EMSA as previously described (2). To confirm the identity of NF-kB
bands, some reactions were run with an excess of unlabeled consensus or
mutant double-stranded DNA (dsDNA) for competition experiments or
with antibodies to the pS0 or p65 subunit of NF-kB for supershift experi-
ments. The mutant dsDNA for NF-kB differed by 1 bp from the consensus
binding sequence. A 10-fold excess of mutant dsDNA added to the binding

reaction was unable to inhibit binding of the radiolabeled consensus dsDNA
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sequence to NF-kB, while a 10-fold excess of unlabeled consensus dsDNA
completely abolished binding of the radiolabeled consensus dsDNA. Mouse
NF-kB EMSA bands contained the pS0 and p65 subunits (data not shown).

Quantitation of Western blots and EMSAs. To quantitate expression of HO-1,
VCAM-1, ICAM-1, and NF-kB, exposed films of chemiluminescent Western
blots and radioactive gel shifts were scanned on a GS-700 Imaging Densitom-
eter (Bio-Rad Laboratories Inc.). Bands on each image were quantified with
Molecular Analyst software (version 2.1; Bio-Rad Laboratories Inc.) using local
background subtraction. The intensity of HO-1, VCAM-1, and ICAM-1 bands
on film was linear between 25 and 1,000 ng of tissue homogenate DNA with
correlation coefficients (%) of 1.00, 1.00, and 0.98, respectively. The intensity of
NF-kB bands on film was linear between 12 and 500 ng of tissue homogenate
DNA with a correlation coefficient (%) of 0.98. This permitted accurate quanti-
tation of the relative intensities of HO-1, VCAM-1, ICAM-1, and NF-kB bands
on film and their corresponding levels of tissue expression.

Measurement of vascular stasis. Hypoxia/reoxygenation-induced stasis of
venular blood flow in the subcutaneous skin was measured in mice with an
implanted DSFC using intravital microscopy as previously described (2, 43).
All measurements of blood flow parameters in the DSFC were made 4-7
days after DSFC implantation. At base line, with the mice in ambient air,
flowing venules were selected at random, and their relative locations were
noted on a map of the microscopic field. After base-line selection of flow-
ing venules in ambient air, the mice were subjected to 1 hour of hypoxia
(7% 02/93% Ny), followed by reoxygenation in room air. After 1 and 4 hours
of reoxygenation, the same venules were reexamined for blood flow. Venules
with no observable blood flow were counted as static. The percentage of
static vessels was calculated by division of the number of static venules at
any given time point by the total number of flowing venules selected at base
line. A minimum of 20 subcutaneous venules were examined in each mouse.
We equate vascular stasis with vaso-occlusion for experimental purposes.
Certainly, prolonged vaso-occlusion seen clinically is associated with activa-
tion of coagulation and thrombosis leading to organ infarction.

Leukocyte rolling and adhesion. Leukocyte-endothelium interactions were
measured in venules of the subcutaneous skin after staining of leukocytes
in vivo with the intravital fluorescent dye rhodamine 6G as previously

—_

described (2,43, 85). S+S-Antilles mice with an implanted DSFC were treat-
ed with either placebo (saline) or hemin injections (40 umol/kg/d, i.p.) for
3 days. Twenty-four hours after the third injection, leukocyte rolling and
adhesion were measured in the subcutaneous venules at base line in room
air and again after exposure of the mice to 1 hour of hypoxia (7% O/93% Ny)
and 1 hour of reoxygenation in room air. The rolling flux was determined
as the total number of leukocytes rolling through a given section of ves-
sel per minute. To assess leukocyte adhesion, 100-um venular segments
were examined, and a leukocyte was considered adherent if it remained
stationary for at least 30 seconds (4). Results are expressed as the percent-
age change in leukocyte rolling and adhesion after hypoxia/reoxygenation.
A minimum of 20 vessels were examined in each mouse.

CO-Hb and met-Hb. Oximeters (682 [Instrumentation Laboratory] and ABL
700 [Radiometer America Inc.], respectively) were used to measure CO-Hb
and met-HDb levels in blood samples collected by cardiac puncture (86).

Statistics. All statistical analyses were performed with SigmaStat 2.0 for
Windows (SPSS). Comparisons of data groups were made using a 2-tailed
Student’s ¢ test or a Mann-Whitney rank sum test. The proportions of
venules exhibiting stasis at each time point were compared using a z test.
Pvalues less than or equal to 0.05 were considered statistically significant.
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